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Background: The phosphoenolpyruvate: sugar phosphotransferase system
(PTS) is a bacterial and mycoplasma system responsible for the uptake of some
sugars, concomitant with their phosphorylation. The sugar-specific component
of the system, enzyme II (EII), consists of three domains, EIIA, EIIB and EIIC.
EIIA and EIIB are cytoplasmic and EIIC is an integral membrane protein that
contains the sugar-binding site. Phosphoenolpyruvate (PEP) provides the
source of the phosphoryl group, which is transferred via several phosphoprotein
intermediates, eventually being transferred to the internalized sugar. Along the
pathway, EIIA accepts a phosphoryl group from the phosphocarrier protein HPr
and transfers it to EIIB. The structure of the glucose-specific EIIA (EIIAglc) from
Mycoplasma capricolum reported here facilitates understanding of the nature of
the interactions between this protein and its partners.
Results:  The crystal structure of EIIAglc from M. capricolum has been
determined at 2.5 Å resolution. Two neighboring EIIAglc molecules associate
with one another in a front-to-back fashion, such that Glu149 of one molecule
forms electrostatic interactions with the active-site histidine residues, His90 and
His75, of the other. Glu149 is therefore considered to mimic the interaction that
a phosphorylated histidine of a partner protein makes with EIIA. Another
interaction, an ion pair between the active-site Asp94 and Lys168 of a
neighboring molecule, may be analogous to the interaction between Asp94 of
EIIAglc and Arg17 of HPr. Analysis of molecular packing in this crystal, and in
the crystals of two other homologous proteins from Escherichia coli and
Bacillus subtilis, reveals that in all cases active-site hydrophobic residues are
involved in crystal contacts, but in each case a different region of the
neighboring molecule is involved. The transition-state complexes of 
M. capricolum EIIAglc with HPr and EIIBglc have been modeled; in each case,
different structural units are shown to interact with EIIAglc. Many of the
interactions are hydrophobic with no sequence specificity. The only specific
interaction, other than that formed by the phosphoryl group, involves ion pairs
between two invariant aspartate residues of EIIAglc and arginine/lysine residues
of HPr or EIIBglc.
Conclusions:  The non-discriminating nature of the hydrophobic interactions
that EIIAglc forms with a variety of partners may be a consequence of the
requirement for interaction with a variety of proteins that show no sequence or
structural similarity. Nevertheless, specificity is provided by an ion-pair
interaction that is enhanced by the apolar nature of the interface. 
Introduction
The phosphoenolpyruvate:sugar phosphotransferase system
(PTS) is a sugar-transport system unique to bacteria and
mycoplasmas [1–3]. Microorganisms utilize the PTS to
translocate certain sugars across the cytoplasmic mem-
brane, a process that is accompanied by the phosphoryla-
tion of the sugar. The phosphoryl group originates from
phosphoenolpyruvate (PEP), rather than from ATP as in
mammalian cells, and is ultimately transferred to a sugar
through five consecutive steps. The first two steps are
general to all sugars: the transfer from PEP to enzyme I
(EI), and from EI to the histidine-containing phospho-
carrier protein, HPr. The following three steps are sugar-
specific: transfer from HPr via two of three domains of the
permease enzyme II (EII), EIIA and EIIB, to the sugar
undergoing translocation through the integral membrane
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domain EIIC. Histidine residues are exclusively used in
EI, HPr and EIIA as the phosphocarriers, whereas EIIB
uses either cysteines or histidines. The mechanism of
phosphotransfer follows an associative pathway, in which
the phosphoryl donor and acceptor molecules form a tran-
sition-state complex with a pentacoordinated phosphorus
in a trigonal bipyramidal geometry, where the donor and
acceptor occupy the apical positions and the oxygen atoms
occupy the equatorial positions. Each such step leads to
inversion of configuration at phosphorus [4].
Two functional domains of EII (EIIA and EIIB) are
cytoplasmic, and the third (EIIC) comprises the integral
membrane component. The three domains can exist as
individual proteins, depending on the type of transported
sugar and the microorganism. EIIA accepts a phosphoryl
group from HPr and delivers it to EIIB. On the basis of
amino acid sequence homology, there are at least four
classes of EIIA. The glucose, mannose, mannitol and
lactose permeases each belong to a different class [5],
which exhibit a different overall fold [6–8].
The crystal structure of the glucose-specific EIIA (EIIAglc)
from Bacillus subtilis has been determined [6], and the struc-
ture of EIIAglc from Escherichia coli has been determined in
three different crystal forms and as a complex with glycerol
kinase [9–11]. In addition, there are a number of structural
studies by NMR [12–16]. These structures show that
EIIAglc folds into an antiparallel β barrel, with the active
site forming a shallow depression. Following the numbering
scheme of the E. coli protein, His90 [17] accepts a phospho-
ryl group from His15 of HPr and subsequently donates it to
Cys35 of EIIBglc. His75, which is vicinal to His90 in the
structure, is not essential for phosphoryl acceptance from
HPr, but is indispensable for phosphoryl transfer to EIIBglc
[18–19]. As noticed by Liao et al. [6] a striking feature of the
EIIAglc structure is a hydrophobic ring around the active
site, comprising residues Val40, Met45 (isoleucine in E. coli
EIIA), Met46 (valine in E. coli EIIA), Phe71, and Val96. In
addition, Asp38 and Asp94, which are conserved among all
known EIIAs, have been proposed to assist in anchoring
EIIAglc to HPr or EIIBglc. 
In a model of the transition-state complex of EIIAglc with
HPr from B. subtilis, the hydrophobic patch forms part of
the interface and is involved in numerous intermolecular
contacts [20]. Arg17 of HPr is proposed to act as an ‘elec-
trostatic switch’, by alternating ion pairs, first with the
phospho His15 of HPr and later with the two invariant
aspartate residues of EIIAglc — Asp38 and Asp94. The
model is consistent with NMR studies that measured
changes in backbone chemical shifts upon complex forma-
tion of EIIAglc with either HPr [21], or EIIBglc [22]. More-
over, the same hydrophobic patch of EIIAglc is involved in
the interaction with E. coli glycerol kinase, which leads to
inhibition of the kinase activity [9]. 
The 154-residue EIIAglc of Mycoplasma capricolum has
been characterized [23]. In M. capricolum, the gene encod-
ing HPr resides on a different operon from the genes
encoding EIIAglc and EI, whereas the gene(s) encoding
EIIBglc and EIICglc have not yet been identified [24–26].
The crystal structure of the mycoplasma EIIAglc reported
here presents an interesting mode of crystal packing, in
which two neighboring EIIAglc molecules form a complex
in a front-to-back fashion. This observation inspired analy-
sis of the packing in other crystal forms of EIIAglc, and a
comparison with models for the interaction of the protein
with its partners, HPr and EIIBglc. 
Results and discussion
Quality of the structure
A consensus numbering scheme based on the E. coli EIIAglc
sequence has been adopted here. Thus, the initiator
methionyl residue of the mycoplasma protein is numbered
Met13 (Figure 1).
The refined model of EIIAglc has a crystallographic R
factor of 0.186 (R = Σh||Fo|–|Fc||/Σh|Fo|, where Fo and Fc
are the observed and calculated structure-actor ampli-
tudes), for 4296 reflections between 8.0 Å and 2.5 Å for
which F ≥ 2σ(F) (Table 1) .The root mean square (rms)
deviations from ideal bond length and bond angle values of
the standard geometry compiled by Engh and Huber [27]
are 0.019 Å and 2.3°, respectively. The model includes all
154 amino acid residues of the M. capricolum EIIAglc
sequence, except that the indole ring of Trp14 is disor-
dered and could not be modeled. The average crystallo-
graphic temperature factors for mainchain and sidechain
atoms of the protein are 29.4 Å2 and 31.4 Å2, respectively.
The six N-terminal residues, Met13 to Lys18, display high
temperature factors (in the range of 41 to 67 Å2); hence
they are considered less reliable compared with the rest of
the molecule. In contrast, residues at the C terminus
display well defined density and low temperature factors.
A total of 35 solvent molecules have been identified in the
crystal structure, and they refined with an average crystal-
lographic temperature factor of 48.5 Å2.
Overall structure and comparison with homologous proteins
The overall structure of M. capricolum EIIAglc closely
resembles the crystal structures of EIIAglc from B. subtilis
[6] and E. coli [9]. M. capricolum EIIAglc shares 45% and
36% sequence identity with B. subtilis and E. coli EIIAglc,
respectively. The rms difference in Cα atom positions is
1.2 Å between the M. capricolum and B. subtilis EIIAglc for
141 atom pairs (Figure 2a), and 1.2 Å for 144 atom pairs of
the E. coli protein (Figure 2b). Three regions exhibit large
discrepancies among the three structures, the N and C
termini and a β strand encompassing residues 145 to 150.
These regions are spatially close to one another, and
therefore the deviations may be correlated. The first six
N-terminal residues of M. capricolum EIIAglc, Met13 to
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Lys18, adopt a conformation that is completely different
from that of the corresponding residues in the B. subtilis
enzyme, resulting in very large rms differences in Cα
atom positions ranging from 4.0 to 12.1 Å. The first nine
N-terminal residues of E. coli EIIAglc were degraded and
the following ten residues are disordered in the crystal
structure and thus are not available for comparison.
The second discrepancy corresponds to the three C-termi-
nal residues of M. capricolum EIIAglc, which deviate from
those of the B. subtilis enzyme by 2.9 Å to 5.8 Å, but agree
within 0.7 Å to 1.1 Å with those of the E. coli enzyme.
The third region displaying large conformational variation
is the β strand between residues 145 and 150. The devia-
tions in this region of M. capricolum EIIAglc range from
1.0 Å to 4.2 Å when compared to E. coli EIIAglc, and are
even larger when compared with B. subtilis EIIAglc, ranging
from 4.7 Å to 8.2 Å. The observed differences may be
related to crystal packing, as the β strand of both the
mycoplasma and E. coli proteins, but not of B. subtilis
EIIAglc, are involved in crystal contacts.
Residues 19 to 24 near the N terminus and residues 163
to 167 at the C terminus, along with residues 147 to 152,
form three adjacent β strands of the β sandwich in both
the M. capricolum and E. coli enzymes, except that there
is a bulge in the 147–152 strand of the mycoplasma
protein at position 149 (Figure 1). In contrast, residues
19–24 of the B. subtilis EIIAglc are not involved in the
hydrogen-bonding pattern. Perhaps the observed confor-
mational differences are determined by the preceding
N-terminal segments, which have different lengths in
the three proteins (Figure 1). Thus, a closer structural
similarity is observed between the M. capricolum EIIAglc
and the E. coli enzyme than compared with the B. subtilis
enzyme, despite the lower level of sequence identity.
This is attributed to the influence of the longer N termi-
nus of the B. subtilis protein, which includes part of the
Q-linker that connects the IIA and IIB domains, a linker
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Table 1
Statistics of structure refinement.
R factor* 0.186
No. of reflections used† 4,296
No. of protein atoms 1,176
No. of solvent atoms 35
Rms deviation from ideal stereochemistry
bond distance (Å) 0.019
bond angle (°) 2.3
planar groups (Å) 0.020
Average B factors (Å2)
mainchain 29.4
sidechain 31.4
solvent 48.5
*R factor = Σhkl|Fo–Fc|/ΣhklFo. †The reflections used were in the
8.0–2.5 Å resolution shell where F > 2σ(F) (87% complete).
Figure 1
Sequence alignment of glucose-specific EIIAs
from five microorganisms: Mycoplasma
capricolum [25], Bacillus subtilis [41],
Escherichia coli [42], Mycoplasma genitalium
[43], and Mycoplasma pneumoniae [44]. The
structural alignment of the top three
sequences is shown. The alignment was
performed with the program Align [45]. The
alignment of the remaining two proteins,
whose structures are unknown, has been
optimized according to the amino acid
sequences. Residue numbers correspond to
those of the E. coli sequence. Invariant
residues are highlighted. Secondary structure
assignments of the M. capricolum protein are
shown above the sequence; helices are
depicted as cylinders and β strands as
arrows. A β strand that is perturbed in the 
M. capricolum protein because of a bulge at
residue 149 is shown as a broken arrow.
  1           10             20             30             40             50
M.capr.              MWFFNKNLKVLAPCDGTIITLDEVEDEVFKERMLGDGF  
B.subt.         MIAEPLQNEIGEEVFVSPITGEIHPITDVPDQVFSGKMMGDGF
E.coli MGLFDKLKSLVSDDKKDTGTIEIIAPLSGEIVNIEDVPDVVFAEKIVGDGI
M.geni.              VLKVQDEIVILSPVNGTLKPLTQVPDDTFKNRLVGDGI
M.pneu.              MPVVQDEIVILSPVNGTLKSLNQVPDETFKQKLVGEGV
60                70             80             90    
M.capr. AINPKSNDFHAPVSGKLVTA FPTKHAFGIQTKSGVEILLHIGLDTVSLD  
B.subt.  AILPSEGIVVSPVRGKILNV FPTKHAIGLQSDGGREILIHFGIDTVSLK
E.coli AIKPTGNKMVAPVDGTIGKI FETNHAFSIESDSGVELFVHFGIDTVELK
M.geni. AILPSDGHFKAPGDVGVKTELAFPTGHAFIFDVD-GVKVMLHIGIDTVKIN
M.pneu. AIVPSDGHFKAPGEAGVKTELAFPGGHAYIFDIDG IKVMLHIGIDTVQIN
100               110               120            130  
M.capr. -----GNGFESFVTQDQEVNA-- GDKLVTVDLKSVAKKVPSIKSPII   
B.subt. -----GEGFTSFVSEGDRVEP-- GQKLLEVDLDAVKPNVPSLMTPIV
E.coli -----GEGFKRIAEEGQRVKV-- GDTVIEFDLPLLEEKAKSTLTPVV
M.geni. ADKKPGEQLEVFDVKTKQGEYTKLKSESVVEVDLKKLKRKYDPITPFIV
M.pneu. AKKQPGEPLEVFDIKTKQGEYTKEKSESVVEVDLKKLSKKYNPITPFVV
140               150             160
M.capr. FTNNGGKTLE I VKMGEVKQGDVVAILK     
B.subt. FTNLAEGETVS IKASGSVNREQEDIVKIEK
E.coli ISNMDEIKEL- IKLSGSVTVGETPVIRIKK
M.geni. MQESLDNFKLVPIRQRGEIKVGQPLFKLIYKDKKS
M.pneu. MKESLENFKLVPIRQRGEIKVGQPIFKLVPIRQRGEIKVGQPIFKLVYKKS
Structure
that is missing from the mycoplasma and E. coli proteins,
which are expressed as independent molecules.
Packing of two symmetry-related M. capricolum EIIAglc
molecules
One EIIAglc molecule interacts with a symmetry-related
molecule across the crystallographic twofold screw axis.
Residue Glu149 of EIIAglc is located approximately 22 Å
away from the active-site His90, on a β strand on the
obverse face of the active site. The crystallographic 21 sym-
metry operation positions Glu149 of one EIIAglc molecule
in the active-site region of another molecule (Figure 3a).
The association between the two neighboring molecules is
complementary in shape and type of interactions. A total of
1252 Å2 molecular surface area is buried in the interface, of
which nearly 72% (896 Å2) is hydrophobic. The interface
is marked by two intermolecular ion pairs, one formed
between His90 and Glu149 and the other between Asp94
and Lys168 (Figures 3b,c; Table 2). Both carboxyl oxygen
atoms of Glu149 interact with His90 (2.4 Å and 2.9 Å to
His90 Nε2). NMR chemical shifts of the two imidazole
groups of His90 and His75 of E. coli EIIAglc suggest that the
pKa values for both histidines are less than 5.0; thus both
residues are predominantly neutral at physiological pH [28].
As the imidazole ring nitrogen atoms of His90 interact with
the mainchain carbonyl of Gly85 and with the carboxyl
group of Glu149, the residue must be positively charged
(the pH of the crystal is 7.5). The distance between Glu149
Oδ2 and His75 Nε2 is 3.6 Å, thus His75 need not be charged. 
The other important electrostatic interaction involves
Asp94 Oδ1 and Lys168 Nζ (3.3 Å; Figure 3b). This is analo-
gous to the proposed functional interaction between Asp94
of EIIA and Arg17 of HPr [20]. Another favorable intermol-
ecular electrostatic interaction is formed between Lys152
Nζ and Met45 O (3.2 Å; Table 2). There are also two
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Figure 2
Stereoview comparisons of EIIAglc from three
different organisms. (a) Superposition of 
M. capricolum EIIAglc (yellow) and B. subtilis
EIIAglc (green). (b) Superposition of 
M. capricolum EIIAglc (yellow) and E. coli
EIIAglc (blue). The proteins were
superpositioned using the program Align [45].
The sidechains of the active-site His90 and
His75 are shown. The N and C termini of the
M. capricolum protein are labeled. The figures
were generated with TURBO-FRODO [38].
repulsive interactions, which apparently do not prevent
crystal formation. One, between Glu39 Oε1 and Met13 O
(2.8 Å), and the second between Asp94 Oδ2 and Phe15 O
(3.0 Å). Finally, there are a number of hydrophobic interac-
tions involving residues from the hydrophobic patch near
the active site with residues in a neighboring molecule,
namely Val40 with Ile166, Met45 with Val163, Leu46 with
Ile150, Phe71 with Leu148, Leu88 with Ile150, and Val96
with Thr147 (Figure 3b; Table 2). 
The position of the carboxyl group of Glu149 coincides
with that of the pentacoordinated phosphoryl group of
the modeled transition-state complex between B. subtilis
EIIAglc and HPr (Figure 3b). The conformations of active-
site residues are close to those seen in the B. subtilis and
E. coli enzymes. The only significant differences are in
the orientation of the rings of His90, His75 (Figure 2) and
Phe71 (not shown). The χ2 sidechain dihedral angle of
Phe71 is 70° away from that observed in E. coli EIIAglc and
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Figure 3
Active site mediated crystal contacts in 
M. capricolum EIIAglc. (a) The EIIAglc–EIIAglc
molecular packing across the 21 crystal
symmetry axis of the M. capricolum EIIAglc
crystal. Glu149 from a neighboring molecule
interacts with His90 and His75, and Lys168
interacts with Asp94 and Asp38. The figure
was generated with MOLSCRIPT [46] and
rendered with Raster3D [47–48]. (b) A close-
up view of the EIIAglc–EIIAglc interface.
Hydrophobic residues involved in
intermolecular contacts are colored green,
positively charged residues are colored blue
and negatively charged residues are in red.
The position of the phosphoryl group (blue),
as in the proposed transition-state complex of
EIIAglc–HPr, coincides with that of the Glu149
carboxyl group. (c) Electron-density map of
the active-site region of M. capricolum EIIAglc,
showing the close interaction between His90
and Glu149 of a symmetry-related molecule.
in B. subtilis EIIAglc. This may be required to avoid short
contacts with the sidechain of Glu149 of the neighboring
molecule. Associated with this change, the rings of His90
and Phe71 are closer to being stacked in M. capricolum
EIIAglc (Figure 3b), whereas they interact face-to-edge in
both the E. coli and B. subtilis enzymes. Also, the distance
between the Nε atoms of His90 and His75 is 4.2 Å, sub-
stantially longer than the corresponding distance in the B.
subtilis and E. coli enzymes (3.0 and 3.1 Å, respectively).
E. coli HPr is able to phosphorylate mycoplasma EIIAglc
[25]. In the current study, the E. coli HPr mutant
His→15Glu [29] was used as an analog of phosphorylated
HPr in the hope that a stable complex between the
mutant HPr and EIIAglc would crystallize. The mutant
protein and EIIAglc from M. capricolum were mixed in a 1:1
molecular ratio for crystallization trials. ZnCl2 (0.3 mM)
was included in the crystallization solution in an attempt
to promote complex formation via coordination of the two
active-site histidine residues (His90 and His75) of EIIAglc
and Glu15 of HPr to the zinc ion. The crystals obtained
contained only EIIAglc, however. The extent of buried
surface at the EIIA–EIIA interface is comparable to that
calculated for the HPr–EIIA model, given the approxima-
tions associated with the calculated model. Thus, there is
no obvious explanation for the failure to crystallize the
functional complex. 
Analysis of crystal packing in EIIAglc
Analysis of the molecular packing in the mycoplasma
EIIAglc crystal and in crystals of B. subtilis EIIAglc [6] and
E. coli EIIAglc [9–10] reveals that the packing patterns are
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Table 2
Crystal contacts (< 4.0 Å) involving the active-site region in three EIIAglc crystal structures.
Mycoplasma capricolum Bacillus subtilis Escherichia coli (Form I)
No. of interactions No. of interactions No. of interactions
Interacting Interacting Interacting
residues H* E† residues H* E† residues H* E†
E37 F15 2 – P37 – – – P37 F71 6 –
E72 3 –
T73 1 –
D38 F15 5 – D38 – – – D38 F71 2 –
E39 M13 3 1 Q39 N69 – 2 V39 V40 1 –
N19 – 2 F71 3 – F88 2 –
K21 1 – P72 4 –
V40 N19 1 – V40 – – – V40 V40 1 –
I166 1 –
M45 K21 4 – M45 M46 2 – I45 I45 2 –
K152 1 1 N69 1 –
V163 1 – F71 2 –
L46 I150 5 – M46 M45 2 – V46 E43 1 –
K152 8 – M46 1 –
V163 4 –
V164 3 –
T69 – – – N69 Q39 – 2 K69 E34 2 –
M65 1 – D35 1 1
F71 l148 2 – F71 Q39 3 – F71 P37 6 –
E149 5 – M45 2 D38 2 –
P72 – – – P72 Q39 4 – E72 – – –
H75 E149 5 1 H75 – – – H75 – – –
E86 M153 1 – E86 – – – E86 – – –
L88 I150 1 – L88 – – – F88 V39 2 –
H90 E149 8 2 H90 – – – H90 – – –
D94 F15 1 2 D94 D94 17 2 D94 – – –
N17 7 3 V96 4 1
K168 1 1 S97 4 2
V96 T147 1 – V96 P37 1 – V96 D94 1 –
E149 1 – D94 4 1
S97 – – – S97 D94 4 2 E97 – – –
P132 2 –
T141 I150 1 – T141 – – – S141 E43 1 –
V151 1 –
K152 2 –
M153 3 2
*H, hydrophobic interactions; †E, electrostatic interactions.
different. The one exception is an intriguing resemblance
between the packing of the mycoplasma EIIAglc and that in
one of the crystal forms of the E. coli protein, as discussed
below. Despite the different packing modes, the crystal
contacts in all cases involve the hydrophobic patch sur-
rounding the active site (Table 2). Three examples of
crystal packing are shown in Figure 4, demonstrating the
wide range of protein regions that contact the active sites.
In M. capricolum EIIAglc, molecules associate in a front-to-
back fashion, forming an infinite chain along the 21 crys-
tallographic symmetry axis (Figure 4a). In the structure of
B. subtilis EIIAglc, two molecules form a dimer around a
crystallographic twofold symmetry axis, with two active
sites facing one another (Figure 4b). The third example is
of a trimer that is formed around a threefold crystallographic
symmetry axis in E. coli EIIAglc (crystal form I, Figure 4c).
The active site is shielded from solvent in each of the three
cases, with buried molecular surface areas of 1252 Å2,
1048 Å2 and 805 Å2 for the M. capricolum, B. subtilis, and
E. coli enzymes, repectively (calculated with the program
QUANTA). Nearly 70% of the total contact area is hydro-
phobic. The more extensive interface of the M. capricolum
EIIA crystal is also evident from the larger number of inter-
molecular interactions compared with those observed in the
other two crystals. Unlike the M. capricolum EIIAglc, there
are no ion pairs in the other crystal forms involving the
chargeable residues Asp38 and Asp94.
Two new crystal forms of E. coli EIIAglc, termed II and III,
have been reported recently [10]. In form II, two neigh-
boring molecules associate with one another across a crys-
tallographic 21 symmetry axis in a surprisingly similar
fashion to that observed in the mycoplasma EIIA crystal.
In the case of the E. coli protein, contacts are mediated by
a zinc ion, coordinated to His75 and His90 of one mol-
ecule and to Glu148 of the neighboring molecule. Glu148
is oriented similarly to Glu149 in the mycoplasma enzyme,
but is not structurally equivalent. In addition, Glu148 of
the E. coli protein resides on a β strand, whereas Glu149 of
the mycoplasma protein bulges out of the strand. Curi-
ously, although the crystallization solutions of both the
mycoplasma and the E. coli enzymes contained zinc, only
the E. coli EIIAglc crystal packing is mediated by a zinc
ion. Nevertheless, the interacting surfaces are related,
although not identical. The significance of this relation-
ship is unclear, but it highlights the fact that both proteins
exhibit hydrophobic patches at the obverse face of the
active site.
In summary, the analysis of crystal packing reveals a
promiscuity of the active-site hydrophobic patch when
selecting binding partners, a functionally relevant property
of EIIAglc probably related to its role in binding to multiple
target proteins. The same conclusion was reached by Feese
et al. [10] based on the analysis of the packing of the three
crystal forms of EIIAglc from E. coli.
Model of the EIIAglc–HPr complex
Using the structure of HPr from M. capricolum [30] and
the presently determined EIIAglc structure, a model of
the transition-state complex of the mycoplasma HPr and
EIIAglc was developed (Figure 5a), applying the same
approach described previously [20]. In building the model
of the complex, it was only necessary to make local adjust-
ments to sidechains without major backbone conforma-
tional changes. The phosphoryl group is coordinated to the
His15 Nδ2 atom of HPr and to the His90 Nε2 atom of
EIIAglc, which are located at the apical positions of the trig-
onal bipyramidal coordination sphere of the phosphorus.
The phosphoryl group interacts further with the His75 Nε2
atom of EIIAglc, and more remotely with the mainchain
nitrogen atoms of Thr95 and Val96 (the proposed oxyanion
hole, not shown). The total molecular surface area at the
interface is approximately 1300 Å2, of which 69% (896 Å2) is
attributed to hydrophobic atoms. There are 70 possible
intermolecular interactions within 4.0 Å distance, the major-
ity of which are nonspecific van der Waals contacts
(Table 3). The apparent intermolecular electrostatic inter-
actions occur between Glu39 Oε2 of EIIAglc and Ser20 Oγ of
HPr, and between the carboxylate groups of Asp38 and
Asp94 of EIIAglc and the guanidinium group of Arg17 of
HPr. Site-directed mutagenesis experiments support the
important functional role of Arg17 of HPr and Asp94 of
EIIAglc [31,32]. The ion-pair interactions that Arg17 of HPr
forms with the active-site carboxylate groups of EIIAglc may
assist in phosphoryl group transfer and help orient the two
molecules relative to one another.
Model of the mycoplasma EIIAglc–EIIBglc complex 
The NMR solution structure of E. coli EIIBglc has been
recently published ([33]; PDB entry code 1IBA). The
M. capricolum EIIBglc has not been identified; thus M. geni-
talium EIIBglc, whose amino acid sequence has been
determined, is chosen here to represent M. capricolum
EIIBglc. This is a reasonable assumption because the
sequences of two known mycoplasma EIIBglc proteins,
those from M. genitalium and from M. pneumoniae, are 83%
identical. There are some 20 EIIBglc domains from bacte-
ria and mycoplasmas with known amino acid sequences,
sharing from 35 to 97% sequence identity. Such homology
indicates that the proteins are evolutionarily related and
that they have the same overall three-dimensional struc-
ture. The sequence alignment of four selected EIIBglc
domains is shown in Figure 6. The phosphorylated residue
is Cys35. Many of the residues flanking the catalytic
Cys35 are invariant, indicating that the active-site archi-
tecture is likely to be well conserved.
The NMR structure of E. coli EIIBglc revealed a 74-residue
domain that adopts a fold with the topology of a somewhat
split open-face β sandwich, consisting of three α helices
and a four-stranded β sheet [33]. The active-site Cys35
(Figure 6), which accepts a phosphoryl group from EIIAglc
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and subsequently transfers it to a sugar molecule, is solvent
accessible and is located on the β-sheet edge (Figure 5b).
For modeling purposes, the amino acid sequence of the
E. coli protein was mutated to the corresponding sequence
of M. genitalium EIIBglc (Figure 6), and the resulting struc-
ture was docked into the active site of M. capricolum
EIIAglc. Here again, shape complementarity between the
two interacting surfaces can be achieved without gross
conformational changes of either protein. Only minimal
adjustments of sidechains were made to relieve short con-
tacts and introduce energetically favorable interactions.
In the model (Figure 5b), the phosphoryl group is coordi-
nated to the Nε2 atom of His90 of EIIAglc and to the Sγ
atom of Cys35 of EIIBglc, forming trigonal bipyramidal
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Figure 4
Examples of packing of EIIAglc molecules in
crystals. (a) Front-to-back crystal packing in
the M. capricolum EIIAglc structure. (b) The
dimer formed by a twofold symmetry axis in
the B. subtilis EIIAglc crystal. (c) The trimer
formed along the threefold symmetry axis in
the E. coli EIIAglc crystal. Active-site histidine
residues are shown in blue.
geometry at phosphorus. Similar to the model of the
EIIAglc–HPr complex, the phosphoryl group interacts with
His75 of EIIAglc. The reverse turn linking the β1 and β2
strands of EIIBglc inserts into the depression of the active
site of EIIAglc, with the Gly33 to Arg40 region of EIIBglc in
contact with the EIIAglc molecule. Approximately 821 Å2
molecular surface area is buried in the EIIAglc–EIIBglc
interface, 69% of which is hydrophobic in nature. There are
a total of 53 van der Waals contacts within 4.0 Å (Table 3). 
Important electrostatic interactions are formed between
Asp38 and Asp94 of EIIAglc, and Lys38 and Arg40 of
EIIBglc (Figure 5b; Table 3). The guanidinium group of the
invariant Arg40 of EIIBglc forms an ion pair with the car-
boxyl group of Asp94 of EIIAglc. Arg38 is conserved among
all known bacterial EIIBglc proteins, but the corresponding
residue is a lysine in the two mycoplasma EIIBglc proteins.
In the modeled complex, the Lys38 ammonium group of
EIIBglc forms an ion pair with the carboxyl group of Asp38.
As proposed for Arg17 of HPr, Lys38 and Arg40 of EIIBglc
may mediate phosphoryl group exchange by switching ion-
pairing partners, first promoting complex formation by
interacting with the aspartic residues of EIIAglc, and subse-
quently by stabilizing the phosphocysteine of EIIBglc.
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Figure 5
Models of the EIIAglc–HPr and EIIAglc–EIIBglc
complexes. (a) Model of the transition-state
complex of EIIAglc (yellow) and HPr (green)
from M. capricolum. (b) Model of the
transition-state complex of M. capricolum
EIIAglc (yellow) and M. genitalium EIIBglc
(green). The pentacoordinated phosphoryl
group (shown in purple) and residues forming
key electrostatic interactions are shown as
ball-and-stick models. The figure was
generated with MOLSCRIPT [46] and
rendered with Raster3D [47–48].
In general, the binding surfaces of EIIAglc and EIIBglc, as
suggested by the model, are in agreement with those deter-
mined by NMR studies of E. coli EIIBglc and EIIAglc [22].
More residues have shown backbone amide chemical shift
differences upon binding than those involved in direct
interactions according to the model. This observation is
attributed to both inaccuracy of the modeling and to the
inherent feature of the NMR technique that exhibits chem-
ical shift perturbations beyond protein regions that are
actually in direct contact. For example, His90 is located on
a β strand of EIIAglc and is exposed to solvent. Residues
on the opposite side of the β strand, Leu87, Val89 and
Phe91, are buried in the protein core and cannot interact
with EIIBglc. Yet the NMR signals corresponding to these
residues were perturbed in the presence of EIIBglc.
Site-directed mutagenesis studies have shown that a
His75→Gln mutant of E. coli EIIAglc and a His75→Ala
mutant of the B. subtilis enzyme are defective in transfer-
ring a phosphoryl group to EIIBglc, although they are
capable of accepting a phosphoryl group from HPr
[18,19]. This indicates that accepting and donating a
phosphoryl group by EIIAglc require different electrosta-
tic environments because of the different surfaces of HPr
and EIIBglc. The IIB sequences from E. coli and B. sub-
tilis have an aspartic acid at position 33 instead of the
glycine residue of the mycoplasma proteins. Located two
residues away from Cys35 on a β strand, the sidechain of
Asp33 is adjacent in space to the cysteine sidechain.
Modeling shows that upon complex formation, Asp33
could be oriented towards the active site of EIIAglc,
interacting with His75. Thus, in addition to stabilizing
the phosphoryl group, His75 may be required to counter
the charge due to the carboxylate group of Asp33. A glut-
amine or an alanine at position 75 cannot take this role.
This proposal may be tested by producing the bacterial
EIIB mutant, Asp33→Gly, which could complement the
His75→Gln or His75→Ala mutants of EIIA, enabling
phosphoryl group transfer. Alternatively, His75→Gln or
His75→Ala mutants of the mycoplasma EIIA could be
produced and tested for phosphoryl transfer activity with
a mycoplasma EIIB. 
The EIIAglc–glycerol kinase complex
In addition to its role in the phosphotransferase system,
unphosphorylated E. coli EIIAglc serves as a negative reg-
ulator of glycerol kinase, and its inhibitory function is
eliminated upon phosphorylation [34]. The crystal structure
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Figure 6
Amino acid sequence alignment of EIIBglc
from E. coli [49], B. subtilis [42], M.
genitalium [43] and M. pneumoniae [44].
Invariant residues are highlighted.
               15             25             35             45             55             
IIB  E.coli  MAPALVAAFGGKENITNLDACITRLRVSVADVSKVDQAGLKKLGAAGVVV
IIB   B.subt.  LPYEILQAMGDQENIKHLDACITRLRVTVNDQKKVDKDRLKQLGASGVLE
IIB  M.geni.  EAGMLLRAYGGSENIAELGACITKLRVTVKNPELVNETIIKDLGAAGVMR
IIB  M.pneu.  EAGILLQAYGGKENIVELGACITKLRVTVKNPELVKEEPIKELGAAGVMR
                      65               75             85             95   
IIB  E.coli  AGSGVQAIFGTKSDNLK TEMDEYIRNFGSRS  
IIB   B.subt.  VGNNIQAIFGPRSDGLKTQMQDIIAGRKPRPEPKTS AQEE  
IIB  M.geni.  TTPTFFVAVFGTRAAVYKSAMQDIIQGKVNWTELQKVL
IIB  M.pneu.  TTPTFFVAVFGTRAAVYKSAMQDIIQGKVNWEALQKVI
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Table 3
Possible intermolecular interactions (< 4.0 Å) in the modeled
complexes.
No. of interactions No. of interactions
IIA HPr IIB
(M. capr.) (M. capr.) H* E† (M. geni.) H* E†
D38 R17 2 3 K38 2 2
D39 S20 1 1 – – –
V40 S20 2 – I36 3 –
T37 1 –
K38 7 –
F41 – – – I36 9 –
K38 1 –
M45 I47 6 – T37 2 –
S20 2 –
L46 I47 9 – I36 4 –
M48 6 – T37 5 –
S77 1 –
V68 A52 1 – – – –
A54 1 –
T69 M51 1 – – – –
A70 K56 1 – – – –
F71 V12 1 – A34 4 –
P72 K56 3 – – – –
H75 – – – A34 1 1
C35 1 –
E86 A52 4 – – – –
L88 – – – I36 1 –
H90 – – – – – –
D94 R17 8 3 R40 6 2
V96 V12 11 – G33 3 –
C35 1 –
R40 1 –
Q109 A54 1 – – – –
K56 1 – – – –
I39 – – – I36 3 –
T141 M48 1 – – –
4
*H, hydrophobic interactions; †E, electrostatic interactions.
of the complex of E. coli EIIAglc with glycerol kinase has
shown that the active site of EIIAglc binds to a helix
remote from the active site of glycerol kinase [11]. Phos-
phorylation of His90 apparently alters the electrostatic
properties of the interface, preventing the binding of the
two proteins.
In M. capricolum, EIIAglc has no effect on the activity of
glycerol kinase [23]. Although glycerol kinase from M. capri-
colum has not been sequenced, glycerol kinases share
high sequence identity among bacteria and mycoplasmas,
including the region that is involved in interactions of the
E. coli enzyme with EIIAglc (Figure 7). Thus, the struc-
tures are expected to be similar. The lack of regulatory
effect of EIIAglc from M. capricolum on glycerol kinase can
be rationalized structurally by placing the M. capricolum
EIIAglc molecule, instead of the E. coli EIIAglc, in the
crystallographically determined EIIAglc–glycerol kinase
complex (PDB entry code 1GLA), and by replacing
residues of the E. coli glycerol kinase with those of M. geni-
talium glycerol kinase. Here we assume that the M. capri-
colum enzyme is more closely related to M. genitalium
glycerol kinase than to E. coli glycerol kinase.
Two ion-pair interactions are observed in the crystal struc-
ture of the E. coli EIIAglc and glycerol kinase complex —
one between Arg479 of glycerol kinase and Asp38 of EIIAglc
and the second between Arg402 of glycerol kinase and
Glu43 of EIIAglc. These ion-pair interactions would be con-
served in the mycoplasma complex, except that residue 402
is a lysine in M. genitalium rather than an arginine. However,
several residues of both E. coli EIIAglc and glycerol kinase
are replaced by bulkier residues in the mycoplasma protein,
introducing steric clashes and electrostatic inconsistencies if
the complex were formed. The striking example in glycerol
kinase is that of Gly427 of the E. coli enzyme, located close
to Val40 of EIIAglc, which in the mycoplasma glycerol
kinase is an aspartate. Similarly, several residues of EIIAglc
that are in contact with glycerol kinase (Val39, Ile45 and
Val46) are replaced by bulkier amino acids (Glu39, Met45
and Leu46, respectively) in M. capricolum EIIAglc. Such
disruptions may prevent complex formation between the
two mycoplasma proteins, which would explain the bio-
chemical data.
Biological implications
The phosphoenolpyruvate: sugar phosphotransferase
system (PTS) is a bacterial and mycoplasma system
responsible for the uptake of some sugars, concomitant
with their phosphorylation. The phosphoryl group origi-
nates from phosphoenolpyruvate (PEP) and is transferred
to a sugar through five steps. The first two steps, which
are general to all sugars, involve the transfer of the phos-
phoryl group from PEP to enzyme I (EI) and then to his-
tidine-containing phosphocarrier protein (HPr). The
remaining transfer steps are sugar-specific and involve
three domains of the permease enzyme II (EII) —EIIA,
EIIB and EIIC —and the translocated sugar.
So far, there is no detailed experimental structure of a
complex formed between the glucose-specific bacterial
sugar transport protein EIIAglc and one of its partners for
phosphoryl transfer. Analysis of the crystal packing of
several EIIAs has provided insight into the type of inter-
actions involved, however. The crystal structure of Myco-
plasma capricolum EIIAglc presents a third example in
which the active site of the protein mediates crystal
packing, with interactions that are predominantly hydro-
phobic in nature. NMR and modeling studies show that
the interactions of the physiologically relevant complexes
EIIAglc–HPr and EIIAglc–EIIBglc are also predominantly
hydrophobic. There is a functional requirement for
nonspecificity in the hydrophobic interactions because
EIIAglc interacts with several target proteins. In addition,
the few electrostatic interactions that facilitate the chem-
istry are enhanced when buried in the apolar interface.
Firstly, the efficiency of phosphotransfer between donor
and acceptor is enhanced when the active site is shielded
from solvent. Secondly, the ion pair between the two
invariant active-site aspartate residues of EIIAglc (Asp38
and Asp94) and positively charged residues on either HPr
or EIIB define the relative orientation between the
Research Article  Mycoplasma capricolum permease domain Huang et al. 707
Figure 7
Amino acid sequence alignment of the
polypeptide segment of glycerol kinase
corresponding to the region of the E. coli
kinase that contacts EIIAglc. Four sequences
are included: E. coli [50], B. subtilis [51], 
M. genitalium [43] and M. pneumoniae [44].
Invariant residues are highlighted. Residues
involved in interactions with E. coli EIIAglc are
shown in bold.
400            410            420            430            440            450 
E.coli GIRLHALRVDGGAVANNFLMQFQSDILGTRVERPEVREVTALGAAYLAGLA
B.subt. NISLKTLRVDGGAVKNNFLMQFQGDLLNVPVERPEINETTALGAAYLAGIA
M.geni. GYKITSIKADGGIVKSNYLMQFQADIADVIVSIPKNKETTAVGVCFLAGLA
M.pneu. NSSIKKIKADGGACNSNYLMQFQADIANLEVIIPKNVETTTMGAAFLAGLA
             460            470            480            490                 
E.coli VGFWQNLDELQEKAVIEREFRPGIETTERNYRYAGWKKAVKRAMAWEEHDE
B.subt. VGFWKDRSEIANQWNLDKRFEPELEEEKRNELYKGWQKAVKAAMAFK
M.geni. CGFWKDIHQLEKLTTLDKKFKSTMDPNIRKTKINSWHKAVERALKWKEID
M.pneu. VNYWKDTKQLEKLTGIAKQFKSQMNQTVREKKSKRWNEAVKRTLKWASLD
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respective molecules, and thus provide specificity. Perhaps
by coincidence, the crystal packing of mycoplasma
EIIAglc exhibits analogous electrostatic interactions. The
carboxylate group of a glutamic acid residue from a neigh-
boring molecule replaces the phosphoryl group of the tran-
sition-state complex, and in addition an ion pair is formed
between the active-site Asp94 and a lysine residue from
the neighboring molecule.
Materials and methods
Crystallization and data collection
The gene encoding M. capricolum EIIAglc (Met13 to Lys168) was
cloned and overexpressed in E. coli and the protein was purified as
previously described [23]. Site-directed mutagenesis, to produce the
H15E HPr of E. coli used in the crystallization experiment, was also
reported [29]. Protein samples of M. capricolum EIIAglc and E. coli
H15E HPr (the latter protein a gift from Y-J Soek) were mixed together
in a 1:1 stoichiometry before setting up crystallization trials. Crystals of
M. capricolum EIIAglc were obtained at room temperature by vapor dif-
fusion in hanging drops. Protein drops were equilibrated against reser-
voir solutions containing 20–26% PEG 3000, 0.3 mM ZnCl2, and
100 mM Tris HCl buffer at pH 7.5. The drops consisted of ~10 mg/ml
protein in 10 mM Tris buffer at pH 7.5, diluted by an equal volume of
reservoir solution. The crystals diffract X-rays to 2.5 Å resolution and
belong to space group P212121 (Table 4). The space group, cell
dimensions, and expected solvent content are inconsistent with the
presence of the desired EIIA–HPr complex. Either a single EIIAglc mol-
ecule or two HPr molecules are present in the asymmetric unit.
X-ray diffraction data were collected from a single crystal on a Siemens
area detector at room temperature, with monochromated CuKα X-ray
supplied by a Rigaku Rotaflex RU200BH rotating anode generator. The
crystal was mounted on a three-circle goniostat and diffraction data
were collected, oscillating the crystal around the ω-axis in steps of
0.25°. The data were processed with the XENGEN package [35]. The
statistics of the intensity data are summarized in Table 4.
Structure determination and refinement
The structure was determined by the molecular replacement method
with the computer package AMoRe [36]. A polyalanine chain of the
B. subtilis EIIAglc structure was used as the search model. Cross-rotation
function gave a unique peak of nearly 3σ above the next best peak.
The same solution was obtained in a series of rotation searches using
data of different resolution ranges. The translation function search was
carried out with the top 20 rotation solutions, and yielded a peak that
clearly stood out from the following peaks, with a correlation coeffi-
cient of 0.405 and an R factor of 0.497 for data between 15.0 and
4.5 Å resolution. The phases were improved by energy minimization
of the polyalanine model, using the positional refinement protocol in
X-PLOR [37]. Next, the sidechains according to the mycoplasma
EIIAglc sequence were fitted into the electron-density map with the
coefficients 2Fo–Fc and calculated phases. Model building was done
on a Silicon Graphics Indigo II workstation using the program
TURBO-FRODO [38]. After adding the sidechains, simulated anneal-
ing was carried out with X-PLOR, including reflections between 8 Å
and 2.5 Å resolution for which F ≥ 3σ(F). Further model improvement
included positional and B factor refinement steps which were carried
out with the program TNT [39]. Reflections between 8.0 and 2.5 Å
resolution for which F ≥ 2σ(F) were used. The final refinement statis-
tics are summarized in Table 1.
Modeling of the EIIAglc–HPr complex
The model of the transition-state complex of B. subtilis EIIAglc and
HPr was used to derive an analogous model of the M. capricolum
EIIAglc and HPr complex [20]. The mainchain atoms of M. capricolum
EIIAglc and HPr ([30]; PDB entry code 1PCH) were superimposed on
those of the B. subtilis EIIAglc and HPr, respectively. The resulting
complex was improved by slight rotation and translation of HPr rela-
tive to EIIAglc. Unfavorable close contacts between the two proteins
were readily relieved by manual adjustments of a few sidechains at
the EIIAglc-HPr interface.
Modeling of the EIIAglc–EIIBglc complex
An averaged model of the 11 NMR structures of E. coli EIIBglc deter-
mined by Eberstadt et al. ([33]; PDB entry code 1IBA) was calculated
and energy minimized using X-PLOR. The rms difference in backbone
coordinates to the NMR structures was 0.7 Å, and to all atoms 1.2 Å.
The resulting model was docked in the active site of M. capricolum
EIIAglc manually. Cys35 of EIIBglc was rotated by ~10° around the χ1
sidechain dihedral angle. The Sγ atom of Cys35 was positioned at a
distance of 2.0 Å from the phosphorus atom of a phosphoryl group
that was positioned in turn 2.0 Å away from the Nγ atom of His90 of
EIIAglc. The cysteine PSC bond angle was set to 90° on the basis of a
restricted Hartry-Fock calculation (M. Krauss, unpublished results).
The EIIBglc molecule was rotated relative to EIIAglc around the apical
axis to optimize possible intermolecular interactions. Only a narrow
range of axial rotation was available, which avoided major interpenetra-
tion of the two molecules. One of these orientations was chosen to
represent a plausible model, which exhibited shape and functional
complementarity between the two proteins. The sidechains of the E. coli
EIIBglc were replaced by the corresponding amino acids of M. genital-
ium EIIBglc. Minor modifications of EIIAglc and EIIBglc, involving rotation
of sidechains, were made to relieve short contacts and to introduce
favorable interactions. The residues so modified included Asp38,
Val40, Leu47, Asp94, Val96 and Ile99 of EIIAglc, and Cys35, Thr37
and Arg40 of EIIBglc.
Accessible molecular surface areas were calculated using the Connolly
algorithm [40] as implemented in the MSI software package QUANTA.
Accession numbers
The atomic coordinates of EllAglc from M. capricolum have been
deposited in the Brookhaven Protein Data Bank (entry code 2GPR). 
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Table 4
Statistics of data collection.
Space group P 212121
Cell parameters (Å)
a, b, c 40.0, 47.5, 71.8
Maximum resolution (Å) 2.5
No. of crystals used 1
Total no. of observations 12,034
No. of unique reflections 4952
Average redundancy 2.2
Completeness of data (%) 96.6 (85.3)†
Average Rmerge* 0.063 (0.162)†
< I/(σ)> 28.3 (6.1)†
*Rmerge = Σhkl [(Σi|Ii – <I>|)/ΣiIi] for equivalent observations. †The values
in parentheses correspond to the highest resolution shell between
2.66–2.50 Å.
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